I. INTRODUCTION
Although cyanogen, NCCN, was first synthesized in 1815,' its isomer CNCN has remained unconsidered until recently. The first -theoretical study of CNCN was presented in 1980 by Haese and Woods,' who predicted its structure and dipole moment using ab initio methods. Their study was motivated by the possibility that NCCN and CNCN may be present in the interstellar medium. In the following year, Sana and Leroy3 predicted the normal modes of vibration, infrared spectra, and thermodynamic properties of the CN radical and its three possible dimers. They obtained the stability order NCCN>CNCN>CNNC>2 CN. In 1988, van der Does and Bickelhaupt reported the first synthesis of CNCN, which they obtained by flash vacuum pyrolysis of norbornadienone azine.4 The product was originally identified as diisocyanogen, CNNC, on the basis of NMR and mass spectroscopy. Grabandt et al. obtained the He(I) photoelectron spectrum of the product and also interpreted it to be consistent with the assignment CNNC according to experimental considerations and Hartree-Fock-Slater density-functional calculations.5 However, Stroh and Winnewisser repeated the synthesis in 1989 and determined from rotational and vibrational spectra that the thermolysis products were CNCN and NCCN, present in a 7:3 ratio.6 Cederbaum et al. then showed that when correlation effects are properly accounted for, the experimental photoelectron spectrum matches that computed for CNCN and not that for cNNc.7
Since that time, isocyanogen has been the subject of several experimenta18-l4 and theoretical'5-22 studies. Nguyen*' and Sunil, Yates, and JordanI have studied C2N2 isomerization by determining the structures and energies of NCCN, CNCN, CNNC, and the transition states connecting them, using many-body perturbation theory. Field has pointed out to us (private communication) In the present study, the configuration-interaction (CI) method is used to determine the equilibrium structures, vibrational frequencies, infrared intensities, and relative energies of the 2 IX+ and A 'A" states of CNCN. Although excited states of NCCN have been characterized both experimentally27,28 and theoretically,26.2g,30 to our knowledge this is the first report concerning an excited state of CNCN.
II. THEORETICAL APPROACH
For geometry optimizations and for the evaluation of harmonic vibrational frequencies, the two basis sets employed in this study are a double-5 plus polarization (DZP) basis and a triple-5 plus double polarization (TZ2P) basis. The DZP basis is the Huzinaga-Dunning31.32 double-5 basis augmented with a set of six d-like polarization functions on each atom, with polarization exponents ad(C)=0.75 and nd(N)=0.80. This basis may be described as (9s5p 1 dl 4s2pld).
The TZ2P basis set is Dunning's33 contraction of Huzinaga's31 (1 Os6p) The best energy predictions were obtained using a TZ2P plus f functions basis, designated TZ2Pf, in which sets of seven pure f functions have been added to the TZ2P basis with exponents aJC)=O.80, crf(N)=l.OO.
The SCF results were obtained within the restricted Hartree-Fock (RHF) formalism for both closed-and openshell species. Electron correlation was included through the use of CISD,34 one of the relatively few reliable ab initio methods implemented for open-shell singlets. In the CISD wave functions, the four core (Is-like) orbitals were constrained to be doubly occupied, and the four highest-lying 
and that for the 2 'A" state is
No 'A ' excited states were considered because such states would collapse to the ground state in the variational singleconfiguration SCF procedure employed. The PSI suite of ab initio programs was employed in the present study.43 
III. RESULTS AND DISCUSSION
The optimized structures for the ground state of isocyanogen are given in Fig. 1 . As expected, electron correlation increases the bond lengths, and the larger basis set decreases them. The correlated values compare favorably with the re values obtained by Botschwina and Flugge from experimental rotational constants and ab initio vibration-rotation coupling constants.21 Table I gives the ground state vibrational frequencies. It is interesting to note that, contrary to the normal trend,'@ the shorter TZ2P bonds appear simultaneously with smaller vibrational frequencies. The theoretical harmonic frequencies have been scaled for comparison to the experimentally observed fundamental frequencies, which are anharmonic [A G( l/2) = 6.1 -2 ox]. Thomas et al. have found that DZP SCF, DZP CISD, TZ2P SCF, and TZ2P CISD harmonic frequencies are typically 9.1%, 3.7%, 9.9%, and 3.8%, respectively, too large compared to the experimental harmonic frequencies. 45"6 Reducing the values an extra 3% for anharmonicity,47 we obtain the fundamental frequencies given in the lower half of Table I . In all cases, the estimated frequencies agree well with experiment. (Figs. 2 and 3) . In both excited state structures, the CNC bond angle is substantially bent (115" for structure 2 and 119" for structure 3), while the NCN bond angle is nearly linear (176-7") . Structure 2 has slightly longer Cl-N1 and Ni-C2 bonds, and a shorter C2-N2 bond, compared to structure 3. However, the two SCF rninima optimize to the same structure at the CISD level. For structure 3, electron correlation increases bond lengths, just as for the ground state. In contrast, correlation decreases the bond lengths of structure 2 to make them closer to those of structure 3, suggesting that structure 2 is an artifact of the SCF method. Correlation, then, is essential for a proper treatment of the lowest excited singlet state of CNCN.
The vibrational frequencies for structures 2 and 3 are given in Tables II and III , respectively. The CISD frequencies in Table III are duplicates of those in Table II because the two CISD structures are identical. Evaluating the frequency for the torsional mode is problematic because that mode represents a displacement into C i symmetry, where the ground and excited states are no longer orthogonal by symmetry. For the DZP SCF level of theory only, we were able to determine the harmonic frequency for the torsional mode TABLE III. Harmonic (w) and fundamental (v. scaled) vibrational frequencies (cm-') and IR intensities (km/mol) for CNCN (i 'A" structure 3). 691 (11) 636 (4) 706 (11) 650 (5) 05 (C, -N, -Cd 227 (5) 211 (4) 242 (5) 222 (4) wg (torsion) 562 (28) ~1 (9-N2) . using an excited-state SCF program, SCFX, which finds the second-lowest SCF eigenvalue of a given irreducible representation. 43'48 The fundamental frequencies are estimated from the harmonic frequencies in the same way as for the ground state. The total energies of the 2 *z+ and 2 'A" states at each level of theory are presented in Table IV . In addition to the DZP and TZ2P basis sets used for geometry optimization, we have also, employed the TZ2Pf basis to determine better' single-point energies at the TZ2P CISD optimized geometries. The energy difference T,=AE(J 'A"-* 'z+) increases along with the quality of the theoretical method employed, implying that convergence to the exact wave function is more rapid for the excited singlet state than for the ground state. The highest-quality method used in this study, TZ2Pf CISD+Q, predicts T,=41700 cm-'. Using the TZ2P CISD values for the fundamental frequencies (or the DZP SCF value, in the case of the k 'A" torsional mode), we estimate the zero-point vibrational energy (ZPVE) correction to be -630 cm-', so that To=41 100 cm-'.
It is also useful for the experimental SEP studies" to estimate the energy of the i 'A" state relative to 2 2, '2' CN radicals, the dissociation fragments of NCCN. Using the experimental value of 47 100 cm-* for the dissociation energy of NCCNz7 and Botschwina and Sebald's value of 102 KJ/mol for AE(CNCN-NCCN),17 along with our value of To(A 'A" -i? 'x+)=41 100 cm-', we find the i *A" state about 2500 cm-r above the NCCN dissociation limit. Alternatively, we can evaluate this energy difference directly. At the TZ2P CISD level of theory, we find re= 1.157 A and 0,=2199 cm -' for X 2c+ CN. Using this value of T-, , the TZ2Pf CISD+Q energy for two CN radicals separated by 100 bohr was found to be -185.072 698 hartree. This places the i 'A" state 200 cm-' above the dissociation limit after ZPVE correction, in fair agreement with the previous estimate. In either case, we find that the A 'A" state is somewhat above 2 X *C f CN, raising the possibility of a short lifetime for the 2 'A" state due to predissociation by the lowest 38+ state of CNCN.
Dissociation on the S1 surface (i.e. to X *zc+ CN+A" *II CN) might also limit the lifetime of the A" 'A" state. The recovery of six real vibrational frequencies at the DZP SCF level indicates that the i 'A" state is a minimum on the potential energy hypersurface at this level of theory, and although we could not evaluate the out-of-plane vibrational frequency at the other levels of theory ( vi& supra), we have no reason to believe that it would become imaginary at higher levels. Using the above estimate of A& (a: 'A" CNCN-2 2 22f CN) = 2500 cm-' along with the accurately known value4' of 9242 cm-' for T,(i *II CN -X *z+ CN), we estimate that the 2 'A" state of CNCN has a dissociation energy of roughly 7000 cm-l on the Sr surface. We attempted to determine the barrier height, if any, beyond the dissociation energy. However, the open-shell singlet SCF wave function proved inadequate in the bondbreaking region, even though it can describe both the bound i 'A" potential energy minimum and its dissociation fragments.
IV. CONCLUSIONS
We have reported optimized geometries, vibrational frequencies, and infrared intensities for the X 'Z + and A" 'A" states of isocyanogen. The bent A" ' A" state of CNCN should be useful for observing the S,-, NCCN+CNCN isomerization by SEP experiments. One potential difficulty with such experiments is that the best estimate of T, = 41 700 cm-' places the h 'A" state above the NCCN dissociation limit, raising the possibility that the excited state may have a short lifetime due to predissociation.
